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Abstract
The present work focuses on the evaluation of the stall performances of
the reference aircraft concept of the Collaborative Research Center SFB
(Sonderforschungsbereich) 880, by means of CFD RANS simulations.
Starting from the wing-body model geometry used for the analysis made by
Thiemeier in [1], two new configurations have been created and analyzed
in order to better understand the influence of the wing root geometry on
the boundary layer cross flow that takes place between the fuselage and the
suction side of the wing. The new configurations are characterized by the
geometry modification of the droop-nose connection with the fuselage. Also,
the fuselage in the region near the leading edge has been modeled in order to
be as vertical as possible. The first geometry configuration is characterized
by a gap between the droop nose and the fuselage. The second one, consists
of an extension of the droop nose until the surface of the fuselage.
From the results, it turned out that the contour of the fuselage near the
leading edge strongly influences the aircraft stall behavior. The stall angle of
attack for the configuration with the extended droop nose is reduced by 3◦
with a lift coefficient of Cl = 3.794, while for the configuration with the gap,
it is reduced by 9◦ with Cl = 3.448. However, after the stall angle of attack,
the new configurations are characterized by a gradual reduction of the lift
capability, which ensures a smoother stall behavior.
Chapter 1
Introduction
The past decades have been characterized by a continuous growth of the civil
air transport, especially regarding the long and medium range connections.
In the next years, this growth will lead to a high traffic load that might not
be supported by the actual airport infrastructures. For this reason a new
class of commercial airplane is being developed by the recently founded “Col-
laborative Research Center1 SFB (Sonderforschungsbereich) 880”, located in
Braunschweig, which can operate from existing European airports not in
use for commercial purposes until now because of their short runways or
their proximity to populated areas. The basic idea is then to develop a new
segment of low-noise emissions transport aircraft with CESTOL (Cruise Ef-
ficient Short Take Off and Landing) capabilities in order to allow operations
at many small and close-to-city airports. The use of regional airports also
makes air travel more comfortable since door-to-door travel time and dis-
tance are reduced.
1Collaboration between the Technische Universität Braunschweig, Universität Han-
nover and the German Aerospace Center DLR.
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To meet the aforementioned requirements about the reduction of the runway
length, one way is to increase the maximum lift coefficient at take-off and
landing. Thus, active high-lift devices are consequently chosen, in which the
lift is augmented by blowing internally supplied air over suited Coanda sur-
faces (see Section 2.4) close to the trailing edge.
Previous works on active high-lift devices have focused on airfoils with rounded
trailing edge (see Figure 2.2) [10]. In this case the Kutta condition is not
fixed and the trailing edge stagnation point is free to move along the surface,
allowing a direct control of the separation point location, and thus circulation
and lift. However, the blunt trailing-edge configuration requires continuous
blowing during cruise in order to keep cruise drag low. This restriction led to
the development of a blown hinged flap (hence the term Coanda Flap) which
produces the suited Coanda surface at take-off and landing, and a low drag
during cruise.
The requirement of low noise emissions is also satisfied by a Coanda flap. An
experimental evaluation [2] of the noise produced by a Coanda flap shows a
reduction of 5–8 dB in the frequency range from 0.2–2.0 kHz if compared to
a three element high-lift configuration at the same lift coefficient. However,
the noise emission appears to be affected by the flight speed, the blowing
rate and the angle of attack.
The means adopted to provide compressed air to the high-lift device (still
under assessment) can be either based on air bleeding from the low pressure
compressor of the engine or electric compact compressors integrated into the
wing near the flap. According to [3], the total weight increase needed for
supplying compressed air to the local Coanda jet plena from the engine is
37% of one engine weight, while this number is 40% for the electrical system.
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An active high-lift device directly affect the costs on the overall aircraft
level due to its increase in weight. In order to make the implementation of
this system on commercial transport aircraft reasonable, the DOCs (Direct
Operating Costs) have to be competitive. The main challenge is then to
maximize the energy efficiency of the active control system by reducing the
needed blowing power.
The efficiency of an active high-lift system can be evaluated by measuring
the lift gain factor (LGF), that relates the lift increase to the momentum
coefficient of blowing Cµ (see Section 2.4). In [4] a lift gain factor of ≈ 60 is
obtained for an active airfoil with maximum lift coefficient CL,max ≈ 4 and
steady blowing, but it rapidly decreases with higher lift coefficient. More-
over, a reduction in maximum lift angle of attack α(CL,max) is observed at
high flap angles and high blowing rates (with CL ≈ 6). Those losses are
related to the suction peak at the airfoil nose generated by the Coanda flap.
Leading-edge stall protection devices are then necessary to prevent viscous
losses and premature flow detachment.
Three different leading edge stall protection solutions such as leading edge
blowing, rigid and flexible droop nose have been investigated in the last years.
All those configurations do not use gaps, being the latter among the major
sources of airframe noise production.
The leading edge blowing is effective to delay stall and increase the maximum
lift coefficient only for high flap deflection angles, as shown in [5]. However,
the efficiency of the high-lift system, expressed by the lift gain factor, de-
crease with leading edge blowing, because of the augmented overall Cµ.
A comparison between rigid and flexible droop nose is given in [6]. The rigid
droop nose consist of a simple deflection of the leading edge downward, re-
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alized by a rotation of the nose around a hinge. Thanks to its efficiency and
mechanical simplicity, this device is currently employed in the civil aviation,
as for instance by the Airbus A380. However this configuration is character-
ized by two peaks of low pressure, at the leading edge and over the hinge line.
In particular, the viscous losses caused by the one over the hinge, limit the
nose deflection angle to β = 30◦. This problem is overcome using a flexible
droop nose. This configuration is characterized by a progressive variation of
the thickness and the camber of the nose in order to better distribute the
low pressure area on a wider surface, reducing the minimum value. The nose
deflection is now defined by the angle of the camber line at the leading edge,
γ, which is here increased until 90◦ and it allows to reach higher values of
maximum lift with the respect to the rigid droop nose.
5
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1.1 Aim of the work
Reference [1] investigated the integration of the form variable droop-nose ge-
ometry made by Burnazzi [6] into a high-wing aircraft configuration, which
presents features as taper ratio, twist, swept, dihedral angles as well as dif-
ferent flap and aileron deflections. It has been shown that this integration
yielded significant improvements both in lift and stall angle of attack. How-
ever, it turned out that these values are limited by a strong boundary layer
cross flow that occurs at high angles of attack from the fuselage to the suction
side of the wing, as shown in Figure 1.1.
(a) α = 16◦ (b) α = 17◦
Figure 1.1: Surface streamlines and Cp distribution, old configuration [1].
This cross flow led to a thickening of the boundary layer over the blowing slot
(see Figure 1.2a) and, in turns, a separation between the Coanda jet and the
outer flow (see Figure 1.2b), reducing the effectiveness of the active high-lift
device.
6
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(a) (b)
Figure 1.2: a) Boundary layer thickness over the slot (h boundary layer thickness,
c chord, Vr,xz x-direction velocity, V∞ freestream velocity). b) Separation between
the Coanda jet and the outer flow [1].
The aim of the present work is to investigate and better understand the
sources of this problem, as well as testing numerically solutions to improve
the stall behavior.
In order to do that and to understand the influence that the geometry con-
nection of the droop nose with the fuselage has on the stall behavior, two
different geometries have been investigated.
The details of these two geometries as well as the final grid discretization
and the numerical set-up are described in Chapter 3.
In Chapter 4, all the final numerical results are deeply analyzed and dis-
cussed.
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Theoretical Framework
2.1 Introduction
Computational Fluid Dynamics (CFD) is a numerical approach for simulat-
ing fluid flows. It allows to predict characteristics of a flow, including flow
velocity, pressure, temperature and heat transfer by solving the appropriate
mathematical equations.
CFD analysis takes place in three stages:
• A pre-processing phase starts with the definition of the geometry by
means of a CAD tool. Then the computational domaine is discretized
in hexagonal or tetrahedral cells, which form respectively a structured
or unstructured mesh.
• After defining the boundary conditions (such as walls, inlet, outlet),
the mesh is imported to a solver tool. The solver generates the flow
field data at each mesh point after solving the appropriate governing
equations.
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• A post-processing phase comes in the end. When the convergence is
reached, the created solution file is exported to a data processor to
visualize line plot and flow variable contours.
The following sections will briefly describe the governing equations and the
Spalart-Allmaras turbulence model employed in this work, as well as describe
the Circulation Control and the Coanda effect which characterize the high-lift
device of the SFB 880 aircraft.
2.2 The governing equations
The governing equations used in CFD represent mathematical statement of
the conservation laws namely:
• Conservation of mass.
• Conservation of momentum.
• Conservation of energy.
In Figure 2.1 it is shown the arbitrary control volume (fixed in space) that has
been considered for the derivation of the following relations which describe
the fluid mechanical properties.
The fluid moves through the fixed control volume Ω, flowing across the control
surface ∂Ω. The fluid is assumed to be a continuum, implying that local
proprieties such as density and velocity are defined as average over elements
large compared to the microscopic structure of the fluid but small enough in
comparison with the scale of the macroscopic phenomena.
9
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Figure 2.1: Definition of a finite control volume [7]
In Figure 2.1 dS is the surface element and ~n its outward pointing unit normal
vector.
2.2.1 Conservation of mass
Mass conservation requires that the rate of change of mass within the control
volume is equivalent to the mass flux crossing the surface dΩ. In integral form
[7]
∂
∂t
∫
Ω
ρ dΩ +
∫
∂Ω
ρ (~v · ~n) dS = 0 (2.1)
2.2.2 Conservation of momentum
The rate of change of momentum equals the sum of the forces acting on an
mass element. These forces can be divided in volume or body forces, which
act directly on the mass of the element, and surface forces, which act on the
surface of the element. The latter are in turn divided in pressure and friction
forces.
10
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Due to the low density of air, the volume forces are negligible. The conser-
vation of Momentum in the integral form is [7]
∂
∂t
∫
Ω
ρ~v dΩ +
∫
∂Ω
ρ~v (~v · ~n) dS = −
∫
∂Ω
p~n dS︸ ︷︷ ︸
pressure forces
+
∫
∂Ω
(τ¯ · ~n) dS︸ ︷︷ ︸
friction forces
(2.2)
where τ¯ is the stress tensor which describes the viscous stresses, originated
from the friction between the fluid and the surface of the element. It is given
by
τ¯ =

τxx τxy τxz
τyx τyy τyz
τzx τzy τzz
 (2.3)
Assuming the fluid being Newtonian (shear stress proportional to the velocity
gradient), the components of the viscous stress tensor are defined by the
relations [7]
τxx = 2µ
(
∂u
∂x
− 1
3
div~v
)
τyy = 2µ
(
∂v
∂y
− 1
3
div~v
)
τzz = 2µ
(
∂w
∂z
− 1
3
div~v
)
τxy = τyx = µ
(
∂u
∂y
+
∂v
∂x
)
τxz = τzx = µ
(
∂u
∂z
+
∂w
∂x
)
τyz = τzy = µ
(
∂v
∂z
+
∂w
∂y
)
(2.4)
11
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2.2.3 Conservation of energy
Based on the application of the first law of thermodynamics to the control
volume shown in Figure 2.1, the rate of change of the total energy inside the
volume is caused by the rate of work of the forces acting on the volume, the
net heat flux into it and the convective flux of E itself [7].
Considering the different following contributes
Work done by the viscous stresses: −
∫
∂Ω
(τ¯ · ~v) · ~n dS (2.5)
Work done by the pressure: −
∫
∂Ω
p (~v · ~n) dS (2.6)
Convective flux: −
∫
∂Ω
ρE (~v · ~n) dS (2.7)
Net heat flux: −
∫
∂Ω
k (∇T · ~n) dS (2.8)
the conservation of energy can be expressed, in its integral form, by the
formula [7]
∂
∂t
∫
Ω
ρE dΩ +
∫
∂Ω
ρH (~v ·~n) dS =
∫
∂Ω
k (∇T ·~n) dS+
∫
∂Ω
(τ¯ ·~v) ·~n dS (2.9)
where k stands for the thermal conductivity coefficient, while
H = h+
|~v|2
2
= E +
p
ρ
(2.10)
expresses the relation between the total enthalpy, the total energy and the
12
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pressure. With the Eq. 2.10 the convective (ρE~v) and the pressure term (p~v)
are gathered.
2.2.4 Navier-Stokes equations
The previous equations describing the conservation laws of mass, momentum
and energy can be collected into one system of equations, forming the so
called Navier-Stokes (NS) equations [7]:
∂
∂t
∫
Ω
~W dΩ +
∫
∂Ω
( ~Fc − ~Fv) dS = 0 (2.11)
The vector conservative variables ~W consist of the following components
~W =

ρ
ρu
ρv
ρw
ρE

(2.12)
For the vectors of convective fluxes ~Fc and the viscous fluxes ~Fv, instead,
~Fc − ~Fv =

ρV
ρuV + nxp
ρvV + nyp
ρwV + nzp
ρHV

−

0
nxτxx + nyτxy + nzτxz
nxτyx + nyτyy + nzτyz
nxτzx + nyτzy + nzτzz
nxΘx + nyΘy + nzΘz

(2.13)
where V ≡ ~v · ~n = nxu + nyv + nzw is the velocity normal to the surface
element dS, while
13
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Θx = uτxx + vτxy + wτxz + k
∂T
∂x
Θy = uτyx + vτyy + wτyz + k
∂T
∂y
Θz = uτzx + vτzy + wτzz + k
∂T
∂z
(2.14)
are the terms describing the work of the viscous stresses and the heat con-
duction in the fluid.
Assuming that the fluid behaves like a calorically perfect gas, it is convenient
to express the pressure in terms of the conservative variables [7]
p = ρRT = (γ − 1) ρ
[
E − u
2 + v2 + w2
2
]
(2.15)
where R denote the specific gas costant (R = 287, 05 J
Kg·K for air).
The dynamic viscosity µ is, for a perfect gas, strongly dependent on temper-
ature and can be expressed by the Sutherland formula [7]
µ = µ∞
(
T
T∞
)3/2
T∞ + 110, 4
T + 110, 4
(2.16)
where T∞ is the reference temperature and µ∞ the viscosity at T∞.
The thermal conductivity coefficient k also depends on temperature and can
be expressed by [7]
k = cp
µ
Pr
(2.17)
which relation is generally used for air [7]. In addition, the Prandtl number
Pr is constant in the whole flow field and assumes the value Pr = 0.72 for
air.
14
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2.3 Turbulence modeling
In a turbulent flow the molecules are characterized by a chaotic state of mo-
tion. Navier-stokes equations can be directly used to solve the turbulent flow
behavior (DNS) but this technique requires very large computer resources
since extremely small grid sizes are required to accurately simulate the in-
stantaneous flow quantities and capture the smallest scale eddies. According
to [7], the number of grid points needed for sufficient spatial resolution scales
as Re9/4 and the CPU-time as Re3.
Another approach is the Large Eddy Simulation (LES) which resolves only
the large scale eddies, whereas the small turbulent structures are modeled,
having the latter a more homogeneous character. LES are computationally
cheaper than the DNS, but still impractical for many three-dimensional ap-
plications.
The most widely used approach for solving turbulent flows is represented
by the Reynolds-Averaged Navier-Stokes (RANS) equations (adopted in this
work). It is based on the decomposition of the flow variables into mean and
fluctuating parts followed by time or ensemble averaging. This procedure
introduces additional terms. Therefore, turbulence models are necessary in
order to close the RANS problem.
2.3.1 Reynolds-Averaged Navier-Stokes
As previously said, the Reynolds-Averaged Navier-Stokes equations approach
is based on the decomposition of the flows variables included in the equations
of Section 2.2 into a mean and fluctuating parts.
15
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For example, the velocity variable vi is decomposed as
vi = vi + vi
′ (2.18)
where vi is the mean quantity and v′i is the turbulent fluctuations.
To compute the mean values of the flow variables the most used averaging is
the time averaging :
vi = lim
T→∞
1
T
∫ t+T
t
vi dt (2.19)
for whose the following properties are valid
v′i = 0 , v
′
iv
′
i 6= 0 (2.20)
In cases where the density is not constant, the density (mass) weighted or
Favre decomposition of certain quantities is recommended in place of the
Raynolds averaging. The way generally employed is Reynolds averaging for
density and pressure, and Favre averaging for the other variables such as
velocity, enthalpy and temperature.
Favre averaged quantities, for example the velocity components, are obtained
from the relation
v˜i =
1
ρ
lim
T→∞
1
T
∫ t+T
t
ρvi dt (2.21)
where ρ denotes the Reynolds-averaged density. The Favre decomposition
can be expressed by
vi = v˜i + vi
′′ (2.22)
where v˜i represents the mean value and vi′′ the fluctuating part of the velocity
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vi. Similar as for Eq. 2.20
v˜′i = 0 , v˜
′
iv
′
i 6= 0 (2.23)
Applying the time averaging (Eq. 2.19) to the Navier-Stokes equations (Eq.
2.11), the vectors conservative variables ~W , convective fluxes ~Fc and viscous
fluxes ~Fv can be respectively rewritten as follow:
~W =

ρ
ρu
ρv
ρw
ρE

(2.24)
~Fc− ~Fv =

ρV
ρuV + nxp
ρvV + nyp
ρwV + nzp
ρH V

−

0
nx(τxx − ρu′u′) + ny(τxy − ρv′u′) + nz(τxz − ρw′u′)
nx(τ yx − ρu′v′) + ny(τ yy − ρv′v′) + nz(τ yz − ρw′v′)
nx(τ zx − ρu′w′) + ny(τ zy − ρv′w′) + nz(τ zz − ρw′w′)
nxΘx + nyΘy + nzΘz

(2.25)
Using Einstein notation for Θj
Θj = vi (τ ij − ρvi′vj ′) + k ∂T
∂xi
(2.26)
These are known as the Reynolds-Averaged Navier-Stokes (RANS) equations.
They are formally identical to the Navier-Stokes equations (Eq. 2.11) with
the exception of some additional terms. The tensor of the viscous stresses is
extended by the Reynolds-stress tensor [7]:
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− ρvi′vj ′ = −ρ(vivj − vivj) (2.27)
It represents the transfer of momentum due to turbulent fluctuations and
consists of six independent components.
Furthermore, in case of compressible flows, the diffusive heat flux k∇T in
the energy equation (Eq. 2.9) is enhanced by the so-called turbulent heat-
flux vector [7]
ρv˜j ′′h′′ = −kT ∂T
∂xj
(2.28)
where kT denotes the turbulent thermal conductivity coefficient.
Thus, the solution of the RANS equations requires the modeling of the
Reynold stresses (Eq. 2.27) and the turbulent heat flux (Eq. 2.28) through
the use of turbulence models.
The turbulence model used in this thesis is the one-equation Spalart-Allmaras
model [8], based on the eddy viscosity hypotesis of Boussinesq [7].
More details on the Reynodls- and Favre-Averaged Navier-Stokes equations
can be found in [7].
2.3.2 Eddy-viscosity hypothesis
The eddy viscosity hypothesis of Boussinesq assumes that the turbulent shear
stress is related linearly to the mean rate of strain, as in a laminar flow. The
proportionality factor is the eddy viscosity.
By applying the eddy-viscosity approach to the Reynolds-averaged form of
the governing equations, the dynamic viscosity coefficient µ in the viscous
stress tensor (Eq. 2.4) is replaced by the sum of a laminar and turbulent
component [7]
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µ = µL + µT (2.29)
The laminar viscosity is calculated with the aid of the Sutherland formula
(Eq. 2.16). According to Eq. 2.28, the thermal conductivity coefficient k in
Eq. 2.4 or Eq. 2.14 is evaluated as
k = kL + kT = cp
(
µL
PrL
+
µT
PrT
)
(2.30)
The turbulent Prandtl number is general assumed to be constant in the flow
field (PrT = 0.9 for air).
The coefficient of the turbulence eddy viscosity µT has to be determined with
the aid of a turbulence model.
2.3.3 Spalart-Allmaras one-equation model
The Spalart-Allmaras (SA) turbulence model [8] is a transport equation
model for the eddy viscosity variable ν˜. This model allows an accurate pre-
diction of turbulent flows and it is capable of smooth transition from laminar
to turbulent regime. It is "local", which means that the equation at one
point does not depend on the solution at other points, thus it can be readly
implemented on structured multi-block grids [7].
A partial differential equation is solved that models the production, dissipa-
tion, diffusion and transport of an eddy-viscosity like quantity at each time
step. Thus this is a one-equation model. The transport equation for the
working variable ν˜ is given by
∂ν˜
∂t
+
∂
∂xj
(ν˜vj) = P +Ddiff −Ddiss (2.31)
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where the therms on the right hand side represent production, gradient dif-
fusion and the wall destruction of the turbulent kinematic viscosity (see [8]
for more details). Eq. 2.31 allows to determinate ν˜ for the computation of
the turbulence eddy viscosity µT from
µT = ρ¯ν˜fv1 = ρ¯νT (2.32)
where
fv1 =
χ3
χ3 + C3v1
with χ =
ν˜
νL
, νL =
µL
ρ
(2.33)
νL denotes the laminar kinematic viscosity, Cv1 instead is a constant set equal
to 7.1 [8].
Details on the SARC model (Spalart-Allmaras model for Rotation and/or
Curvature effects), which includes the corrections fundamental for the simu-
lation of the Coanda phenomenon, can be find in [9].
2.4 Circulation control and Coanda effect
Circulation Control (CC) is an application of active flow control aiming to
produce increased lift over the conventional high-lift systems currently used.
It takes advantage of the Coanda effect by blowing a thin, high-velocity jet
over a highly curved surface.
The Coanda effect is named after the Romanian inventor Henri Coandaˇ who
had discovered it in the 1930s. When the jet sheet velocity is greater than
that of the free stream flow, the jet remains attached to the curved surface
because of the balance within the jet sheet between the pressure gradient
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normal to the surface and the centrifugal force caused by the streamline cur-
vature (see Figure 2.2). The curved surface is thus known as Coanda Surface.
Figure 2.2: Basics of Circulation Control Aerodynamics [10].
Once the jet separates from the Coanda surface, it penetrates the flow field,
resulting in a large deflection of the streamlines and producing a pneumatic
camber similar to a mechanical high lift system. The combination of the
Coanda separation and the jet penetration moves the rear stagnation point
forward on the lower surface and the leading edge stagnation point aft on the
lower surface. As the jet velocity is increased, these stagnation points move
toward each other resulting in more circulation.
As already said in Chapter 1, the blunt trailing-edge configuration as the
one shown in Figure 2.2 requires continuous blowing even during cruise in
order to keep cruise drag low. This restriction led to the development of
a circulation hinged flap (hence the terms Coanda Flap) which favors the
suited Coanda surface at take-off and landing, and low drag during cruise.
For these reasons the present work focuses on the use of a Coanda flap.
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An important dimensionless parameter critical in understanding the efficien-
cies of blown systems is the jet momentum Coefficient Cµ defined as
Cµ =
vjm˙j
1/2ρ∞v2∞Sref
(2.34)
where vj and m˙j are the velocity and the mass flow of the jet through the
exit section of the plenum, Sref is the reference surface, ρ∞ and v∞ are the
density and the velocity of the freestream flow.
The efficiency of the active circulation control device is represented by the
lift gain factor, which is defined as the ratio between the increase of the max-
imum lift coefficient due to the active circulation control system and the jet
momentum coefficient needed to obtain this gain, ψ = d∆CL,max/dCµ. The
increas of maximum lift coefficient is given by the difference between the
maximum lift of the investigated configuration using blowing and the clean
configuration.
Figure 2.3: Lift increase for Boundary Layer Control and Supercirculation.
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As shown in Figure 2.3, two regimes can be identified based on the value of
the momentum coefficient:
Boundary Layer Control regime: for low momentum, the circulation
control works as a boundary layer control. In this conditions Cµ is not
sufficient to keep the outer flow attached until the trailing edge, causing
the jet to separate from the wall.
Supercirculation regime: for high momentum coefficients, the circu-
lation control works as jet flap. The separation is delayed until the
trailing edge is reached and the increase of CL is given by a further
deflection of the streamlines due to the jet effect after the trailing edge.
Figure 2.3 shows the active high lift system influence on lift, but the influence
on drag and pitching moment, as well as on downwash can be separated into
the same regimes [11]. The efficiency of boundary layer control is usually
higher than efficiency of supercirculation. Hence airfoil configuration using
circulation control operates at the edge between boundary layer control and
supercirculation for best performance.
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3.1 The SFB 880 reference configuration
In Fig. 3.1 the reference aircraft concept is shown. This configuration is the
final result of a preliminary design process performed with the tool PrADO
(Preliminary Aircraft Design and Optimization) [12] of Technische Univer-
sität Braunschweig.
Figure 3.1: SFB 880 Reference Configuration.
Chapter 3: Test Case
The aircraft is characterized by a high-wing arrangement with two turboprop
engines mounted in front of the wing, which permits the use of a large diam-
eter propeller. The wing has a simple tapered planform in order to reduce
wing weight and manufacturing cost. The empennage, is arranged as a clas-
sical T-tail to move the horizontal stabilizer out of the propeller slipstream.
The SFB 880 Reference Configuration is designed to transport 100 passen-
gers, with a cruise Mach number Mcr = 0.74 and for a maximum range of
2000 Km. To ensure a STOL (Short Take Off and Landing) capabilities with
a maximum runway length of 800m, the airplane is equipped with slotless
active high-lift devices: Coanda flap for the trailing edge and droop nose for
the leading edge. As previously mentioned, these devices guarantee a high
lift coefficient and low noise emissions.
Other features of the Reference Configuration are reported in Table 3.1.
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Max Payload 12000 Kg/100PAX
Range 2000 km
High lift system Internally blowing Flap (IBF)
Propulsion Turboprop engine
MTOW 41922 kg
Cruise Mach no. 0.74
Cruise Altitude 10.6 km
Wing loading 456 kg/m3
Thrust/weight 0.53
L/D (cruise) 14.55
T/O field length 800 m
Landing field 782 m
SFC at cruise 0.0478 kg/(N h)
DOC 0.076 $/seatKm
Table 3.1: Design data of SFB 880 Reference Configuration [13].
3.2 Model geometry
The analyses presented in this work have been carried out using a simplified
wing-body model. As shown in Figure 3.2, the effects of the tail and the
propellers have not been taken into account since they are not object of the
investigation. This simplification, as well as considering the model symmetric
to the XZ-plane, led to a significant reduction of computational cost and time.
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Figure 3.2: Wing-body aircraft model geometry.
In figure 3.3 is shown the wing planform of the model.
Figure 3.3: Wing planform.
The wing of the model has a simple tapered planform with a leading edge
sweep of 10°, a span of 28.8m and an aspect ratio of 9. The other main
geometrical parameters of the wing are reported in the following Table 3.2.
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Wing reference area 92m2
Wing span 28.881m
Aspect ratio 9
Leading edge sweep 10°
Taper ratio 0.38
Twist (root/tip) 3.44°/-3.5°
Reference chord lenght 3.428m
Table 3.2: Geometry data of the SFB 880 Reference Configuration [12].
The airfoil used for the SFB 880 aircraft wing is the DLR F15 transonic
airfoil, modified for the high-lift devices (see Figure 3.4).
The high-lift devices consist of two elements: the Coanda trailing edge flap
and the droop-nose leading edge device.
Figure 3.4: DLR F15 profile and modifications for SFB 880.
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3.2.1 High-lift devices
Trailing-edge device: Coanda flap
The Coanda flap consists of a mechanical flap whose capability to provide
flow turning is enhanced by an air jet blown from a slot (plenum) over the
suction side of it (see Figure 3.5). Flow separation is thus avoided by the
Coanda effect (see Section 2.4) generated by the jet on the curved surface of
the flap. The cross section of this curved surface has a circular shape with a
radius of 0.07 times the chord length.
Figure 3.5: Detail of the blowing slot.
As shown in Figure 3.4, the flap is deflected by 65° and has a length of
0.25 times the airfoil chord length. Also the aileron is used in the high-lift
configuration and is deflected by an angle of 45°. The slot has a height of
0.0006 times the airfoil chord length (independent of the flap angle [4]) and is
extended from the root of the wing to the end of the aileron. There are totally
six different plena, making possible a differential blowing rate. However, as
in [1], a spanwise constant blowing is used in this work.
The blowing rate is defined by the ratio between the total pressure in the
plenum pt,P lenum and the static pressure of the external freestream flow p∞.
In this work, a constant value of pt,P lenum/p∞ = 1.5 has been used.
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Leading-edge device: Droop nose
The skin of the portion of the chord interested by the leading-edge device
(≈ 0.2 times the chord length) is made of flexible material. By means of an
internal set of pistons, the skin is morphed in order to obtain the desired
shape during the take-off and landing operation and brought back to the
clean configuration during cruise conditions.
As one can see from Figure 3.4, the nose is not simply deflected but, based
on the design presented in [6], both the camber and the thickness of the
droop nose change with a specific law from the clean nose shape, resulting in
a reduction of the suction peak over the nose. This shape indeed allows to
distribute the low pressure area on a wider surface, reducing the minimum
value. Moreover, unlike the traditional high-lift leading-edge devices (slat)
no gaps are used, being the latter among the major causes of airframe noise
production.
3.2.2 Geometry modification
The old geometry, used for the analysis presented in [1], was characterized by
a smooth leading edge transition between the droop-nose and the clean-nose
position (see Figure 3.6).
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Figure 3.6: Front view of the old geometry [1].
For this work, the geometry connection of the droop nose with the fuselage
has been modified in order to obtain two new geometry configurations:
• Droop nose with gap.
• Droop nose extended until the fuselage.
The first configuration is characterized by the presence of a gap between
the droop nose and the fuselage (see Figure 3.7a). The idea is to gener-
ate a counter-rotating vortex able to reduce the magnitude of the boundary
layer cross flow that takes place between the fuselage and the suction side of
the wing. The gap has a size of 0.08 times the reference chord length and
this choice is based on the analysis of similar high-wing aircraft configura-
tions. The leading-edge shape in the gap region has been modeled in order
to reproduce a simple semi-circular profile, since the flow behavior was not
well-known yet (see Figure 3.8).
31
Chapter 3: Test Case
(a) Configuration with the gap. (b) Configuration with the extended
droop nose.
Figure 3.7: Front view of the new geometries.
Figure 3.8: Leading-edge shape in the gap region.
The second geometry consists of an extension of the droop nose until the
fuselage (see Figure 3.7b). The purpose of this second geometry is, in ad-
dition to investigate its effect on the main vortex, to study also a possible
technological solution for the deploying of the droop nose. For this reason,
the fuselage in the region near the leading edge has been modeled with the
contour as vertical as possible, in order to make possible the use of guide-
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ways. In Figure 3.9 it is shown the difference between the old and the new
fuselage contour, through a YZ section plane at x = −0.1m.
(a) Old configuration.
(b) New configuration.
Figure 3.9: Fuselage contour (x = −0.1m).
In order to obtain comparable the solutions from the two geometries, the
modification of the contour of the fuselage is also used for the geometry with
the gap.
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3.3 Spatial discretization
The spatial discretization of the new geometries have been made modifying
the pre-existent grid [1], using the grid generator Pointwise Gridgen V. 15.18.
The new grids are made of more than 50 million points (50.6 Mln for the
geometry configuration with the gap and 50.4 Mln for the one without the
gap), and composed of both structured and unstructured meshes.
The structured grid layer surrounds the surface of the airplane (with the
exception of some critical areas discussed in the next Section 3.3.1) and is
extended to cover the region where the main viscous phenomena occur (see
Figure 3.10a and Figure 3.10b).
(a) Chordwise direction.
(b) Spanwise direction.
Figure 3.10: Structured grid layer.
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Figure 3.11: Close-up of the plenum exit region.
This layer is characterized by an almost constant height from the surface of
the airplane to the end of the structured block. Moreover, a high density
of point has been used to discretize critical regions as the leading edge, the
trailing edge and the plenum exit (see Figure 3.11), being those interested
by high velocity and pressure gradients.
The volume from the structured grid layer to the farfield boundaries is in-
stead filled with tetrahedral elements. As shown in Figure 3.12, this region is
divided into five sub-volumes in order to adapt the grid density to the local
flow conditions.
Figure 3.12: Overview of the grid inner sub-volumes.
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Regarding the dimensions of the entire computational domain, in the ver-
tical and flowstream direction (see Figure 3.13a) this is extended by about
400 times the reference chord length (≈ 1350 m) while in the spanwise direc-
tion (see Figure 3.13b) it is extended by about 130 times the reference chord
length (≈ 450 m).
(a) Vertical and flowstream direction. (b) Spanwise direction.
Figure 3.13: Dimensions of the computational domain.
In order to obtain a grid topology similar for both the geometries, the grid
generation has been made starting from the geometry configuration with the
gap. The gap region has been filled with blocks of different shape in order to
nearly reproduce the droop-nose geometry. This way, the grid for the second
geometry has been obtained just replacing the blocks with the droop-nose
geometry and locally readapt the grid, in order to make it consistent (see
Figure 3.14).
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(a) Configuration with gap. (b) Configuration with extended droop nose.
Figure 3.14: Block topology in the wing root area.
3.3.1 Grid details
Unstructured surface block
As already discussed in [1], an unstructured surface block has been created in
the old grid in order to face with the different number of grid points needed
over the suction and the pressure side of the wing. This block is located at
the transition between the aileron and the wing tip on the pressure side of
the aileron (see Figure 3.15a).
In the new grid, due to the modified leading-edge geometry, another unstruc-
tured surface block has been created. As shown in Figure 3.15b, this block is
located on the pressure side of the wing at the connection of the flap with the
fuselage. This solution has been necessary in order to well adapt the number
of grid points needed over the flap with those needed in the leading edge area.
37
Chapter 3: Test Case
(a) Old grid [1]. (b) New grid.
Figure 3.15: Unstructured surface blocks.
This new block also led to an improvement of the grid topology all around the
wing root region, especially in the critical region affected by the boundary
layer cross flow. This improvement is clearly visible in Figure 3.16, which
shows a comparison between the surface block topology of the wing root area
of the old geometry and the one of the new geometry.
The geometry of the new configuration shown in the picture, refers to the
one with the gap, but as already said, both the new geometries have almost
the same block topology.
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(a) Old block topology. (b) New block topology.
Figure 3.16: Block topology improvement.
Tangential surfaces
One of the problems in using the structured grid methodology is the im-
possibility to face with tangential surfaces. To overcome this problem, the
solution adopted in the present work for the geometry with the gap (being
the only one with tangential surfaces) was to create a little step where those
surfaces are located. In particular two steps have been created at the con-
nection line between the surface of the gap and the one of the wing, in both
the suction (see Figure 3.17a) and pressure (see Figure 3.17b) side. The size
of those steps is very small compared to the local gap geometry. This way,
its interference related issues are not so relevant to affect the aerodynamic
behavior of the whole gap region.
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(a) Suction side. (b) Pressure side.
Figure 3.17: Close-up of the steps over the gap.
Domain projection
To reduce the number of deformed cells due to the high curvature of the
fuselage contour near the gap region, some domains have not been projected
over the surfaces of the aircraft (see Figure 3.18).
Figure 3.18: Not projected domains.
This way, it has been possible to have much more control in modeling the
shape of the blocks, and thus the shape of the cells. It is important to note
that this change does not have any influence over the flow behavior.
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3.4 Flow-solver set-up
All the analyses presented in this work have been performed employing the
solver DLR TAU-Code (v. 2014.2.0) [14, 15], which uses a finite-volume
approach for the solution of the Reynolds-Averaged Navier-Stokes (RANS)
equations.
Numerical scheme and turbulence model have been previously assessed by
using wind tunnel experiments [16]. In particular a central scheme for the
spatial discretization of the mean-flow flux balance has been used, while a
second-order upwind Roe scheme has been employed for the convective flux in
the model equation representing turbulence behavior. The turbulence effects,
are modeled with the Spalart-Allmaras (SA) formulation [8] with vortical and
rotational flow correction [9], which are fundamental for the simulation of the
Coanda phenomenon.
For completion, in Appendix A is reported the TAU parameter file, which
represents the input file for the TAU-Code and contains all the numerical
parameters used for the different configurations.
3.4.1 Convergence procedure
The Time Step Smoothing factor (TSS) specify the maximum ratio of time
step sizes in adjacent cells. A value of TSS = 1 corresponds to a global time
stepping, whereas a very high value corresponds to a local time step sizes.
The latter is the case of the TSS "commented" in the parameters file (which
means that no smoothing is applied).
This smoothing slows down the convergence in cases without stability prob-
lems, but stabilizes it in cases where a solution is hard to obtain. In particular
at the beginning of the simulation, when the residuals, as well as the drag
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and the lift coefficients, were affected by strong fluctuations, a low value of
TSS = 1.12 has been used. Higher values would have caused the crash of
the computation. This low value for the TSS was also due to the use of the
multigrid method (3w++ scheme) as convergence acceleration technique. It
is based on the solution of the governing equations on a series of successively
coarser grid. The solution updates from the coarse grid are then combined
and added to the solution on the finest grid. The idea of the multigrid method
is to employ coarse grid in order to drive the solution on the finest grid faster
to steady-state. However this procedure reduces the convergence stability.
After some iterations, when the magnitude of those fluctuations started to
reduce, it has been possible to comment the TSS, increasing the convergence
velocity.
Regarding the CFL number, the maximum value used for the simulations
was CFL = 1.5. As for the TSS, the low CFL value was due to the use of
the multigrid scheme. After commenting out the TSS, the CFL had to be
further reduced to CFL = 0.22.
Grid quality influence
As well known, the quality of the grid has high impact over the convergence
of the solution. Initially, a lot of convergence problems have been had for
the geometry with the gap. In particular a final solution with the 3w++
multigrid scheme was not possible to obtain due to a premature crash of the
computation, even using values of 0.1 for both CFL and TSS.
The plot of the residuals for an intermediate solution revealed the presence of
high values just along the gap interface. A further investigation of the grid,
has shown that these high values were due to a not good cell size transition
between two adjacent blocks.
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As shown in Figure 3.19, there were a difference in size of almost three orders
of magnitude.
Figure 3.19: Cells size transition.
Once the mesh has been properly modified (see Figure 3.19), the 3w++
multigrid scheme, CFL = 0.22 and commented TSS have been used also for
the configuration with the gap with no more crashes of the computation.
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Numerical Results
In this Chapter, the numerical results of the two tested configurations (see
Section 3.2.2 for geometry details) are analyzed and discussed. This work
focuses on the evaluation of the aerodynamic effects resulting from the geom-
etry modification of the leading-edge connection with the fuselage. Moreover,
these results are also compared with those presented by Thiemeier in [1]. The
post-processing phase has been made by using Tecplot360 for the flow visu-
alizations and Matlab for the evaluation of the spanwise lift distribution.
4.1 Operating point
The analysis presented in this work refers to the landing phase configuration.
The assumed atmosphere conditions are those defined as International Stan-
dard Atmosphere at the mean sea level, and are reported in Table 4.1.
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Temperature T0 = 288.15K(15 ◦C)
Pressure p0 = 101325N/m2 = 1013.25hPa
Density ρ0 = 1.225 kg/m3
Dynamic Viscosity µ0 = 1.79 · 10−5 Pa · s
Speed of sound a0 = 340.294m/s
Table 4.1: International Standard Atmosphere, Mean Sea Level conditions.
An approaching Mach number ofM = 0.15 has been used, which corresponds
to a velocity of v∞ = 51.04m/s. With a reference length lref = 3.428m, the
Reynolds number assumes the value Re ≈ 12 · 106.
The Coanda jet has been defined by the ratio between the total pressure
in the plenum pt,P lenum and the static pressure of the external freestream
flow p∞. In particular, a value of pt,P lenum/p∞ = 1.5 has been used, which
guarantees, with the present nozzle geometry, the momentum coefficient of
Cµ ≈ 0.035. This value is needed to provide a fully attached flow over the
65◦ Coanda flap. The use of the same jet momentum also over the aileron,
deflected by 45◦, assures avoiding flow separation at near-stall conditions,
which guarantees the lateral control of the aircraft also at low speed [17].
4.2 Evaluation slices
Different cutting planes have been used in order to obtain a comprehensive
overview of the flow behavior. To allow an easy comparison with the results
presented in [1], the same local coordinate system (x, η) has been adopted,
where x represents the x-coordinate made dimensionless with the root chord
length, and η represents the y-coordinate made dimensionless with the half
wing span length.
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The location of all of the slices used in both the spanwise and the chordwise
direction, are shown in Figure 4.1a and Figure 4.1b respectively. The relative
coordinates in the global reference system are instead reported in Table 4.2
and Table 4.3.
(a) Spanwise direction.
(b) Chordwise direction.
Figure 4.1: Location of the section planes.
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Section y (m) ηplane
1 1.15 0.08
2 2.88 0.2
3 5.05 0.35
4 8.66 0.6
5 11.26 0.78
Table 4.2: Global to local spanwise
coordinate.
Section x (m) x/lplane
1 0 0
2 0.5 0.11
3 1 0.22
4 1.5 0.34
5 2 0.45
6 2.5 0.56
Table 4.3: Global to local chord-
wise coordinate.
4.3 Stall behavior
Figure 4.2 shows the lift development of the two tested configurations over
the angle of attack. For an easy comparison, the lift variation of the old
configuration is also reported.
Figure 4.2: Cl − α curve, old and new configurations.
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The blue solid line represents the lift variation of the configuration with the
droop nose extended until the fuselage. This configuration, compared to the
old one with a smooth transition between the droop nose and the fuselage
(red solid line in the figure), appears to be more performant until α = 10◦.
However, at this angle of attack the curve is already in the non-linear part
and reaches its maximum value at α = 13◦. After the stall angle of attack the
configuration with the extended droop nose is not characterized by a rapid
lift decay as in the old one, ensuring therefore a more gradual stall behavior.
The configuration with the gap between the droop nose and the fuselage
(blue dotted line) shows, instead, an irregular lift development, due to a flow
separation which interests the whole wing root region (see Figure 4.3).
In Table 4.4 the aerodynamic coefficients Cl, Cd and Cm, evaluated at the
angle of maximum lift for the different configurations are summmarized.
Configuration αstall (◦) Cl,stall Cd,stall Cm,stall
Droop nose with smooth 16 3.950 0.713 -2.559transition (old config.)
Droop nose extended 13 3.794 0.81 -2.57until the fuselage
Droop nose with gap 7 3.448 0.706 -2.46
Table 4.4: Overview of the aerodynamic coefficients.
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4.3.1 Configuration with gap
This configuration, as shown in Figure 4.2, is characterized by an irregular
lift variation with α. In particular, two different parts can be distinguished,
which correspond to two different flow behaviors: the first part for angles of
attack until α = 10◦ and the second one for α higher than 10◦ .
The curve initially shows a regular trend up to α = 7◦, which represents
the stall angle of attack for this configuration, with a maximum lift coeffi-
cient of Cl,max = 3.448. After α = 7◦ a decay of the lift performances is
observed. At α = 10◦ the value of the lift coefficient is reduced by almost
5% (Cl = 3.2913). This behavior could be explained in Figure 4.3, which
shows the surface streamlines and the longitudinal friction coefficient. The
blue-colored regions indicate where the friction coefficient assumes a negative
value and therefore, where the flow is separated.
At α = 7◦ (see Figure 4.3b) the flow starts to separate along the wing root,
just before the flap. Increasing the angle of attack, the separation area rapidly
grows, affecting the whole wing root and extends also over the fuselage, be-
hind the wing (see Figure 4.3c and Figure 4.3d).
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(a) α = 5◦. (b) α = 7◦ (Cl,max).
(c) α = 10◦. (d) α = 17◦.
Figure 4.3: Surface streamline and longitudinal friction coefficient. Gap configu-
ration.
The flow separation along the suction side of the wing root is due to a
combination of two different factors: the high local angle of attack of the
flow and the shape of the leading edge in the the gap region. Their ef-
fect can be observed in Figure 4.4, which shows the flow field at η = 0.08,
α = 5◦, 7◦ (Cl,max), 10◦ and 17◦.
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(a) α = 5◦. (b) α = 7◦ (Cl,max).
(c) α = 10◦. (d) α = 17◦.
Figure 4.4: Pressure flow field at η = 0.08. Gap configuration.
The flow is able to turn around the leading edge only at low angles of attack.
After α = 7◦, the viscous losses associated to the leading edge suction peak
become too high, causing the complete wing root flow separation (see Figure
4.4c and Figure 4.4d).
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From Figure 4.3, a trailing edge flow separation region, extended approxi-
mately from η = 0.4 to η = 0.7, can be also observed. The extension of
this region grows with the angle of attack, in both spanwise and chordwise
directions. After its maximum extension at α = 7◦, a further increase of α
produces a reduction of the separation zone.
This different behavior with α confirms what has been already observed for
the 2D case by Burnazzi in [6]. For high angles of attack, the viscous losses
due to the leading edge suction peak become more significant and the at-
tachment between the jet and outer flow decreases. Under these conditions,
the jet flows closer to the surface of the flap, reducing the separation region.
The same trailing edge flow separation characterizes also the configuration
with the droop nose extended until the fuselage.
For α values greater than 10◦, a new increase of the overall lift until α = 17◦
can be observed from the lift curve in Figure 4.2, which yields a local max-
imum value of the lift coefficient of Cl = 3.339. This different behavior can
be explained by observing the spanwise lift distribution in Figure 4.5.
Figure 4.5: Spanwise lift coefficient distribution. Gap configuration.
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Between α = 7◦ and α = 10◦, the lift reduction due to the flow separation
at the wing root region is higher than the increase of lift over the remaining
part of the wing, resulting in lower global lift performances. After α = 10◦,
instead, an opposite trend can be observed. The lift increase over the wing is
slightly higher than the lift reduction at the wing root, resulting in an overall
increase of lift.
As already said in Section 3.2.2, the idea based on this configuration was
to generate a counter-rotating vortex able to reduce the magnitude of the
boundary layer cross flow over the suction side of the wing root.
In Figure 4.6 the evolution of the vortices in the flowstream direction is
shown, which interests the wing root region of the aircraft at α = 5◦. In
particular, focusing on Figure 4.6c, three different vortices can be observed.
The vortex 1) is a clockwise vortex generated by the flow that turns around
the contour of the fuselage near the leading edge. Due to the augmented
fuselage curvature, this vortex is stronger than the one in the old configura-
tion and is the main cause of the reduced performance. The vortex 2) is a
counter-clockwise vortex generated by the gap whereas 3) is the horseshoe
vortex, whose topology has been already discussed in [1].
Moving donwstream, vortex 1) increases its size and moves towards vortex
2), absorbing it. From x/l = 0.45 on, there are already no more traces of the
vortex generated by the gap. For higher angles of attack, the generation of
the counter-clockwise vortex is completely prevented, first by the high mag-
nitude of the vortex generated by the contour of the fuselage (up to α = 7◦)
and second by the leading edge separation at the gap (after α = 7◦).
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(a) x/l = 0. (b) x/l = 0.11.
(c) x/l = 0.22. (d) x/l = 0.34.
(e) x/l = 0.45. (f) x/l = 0.56.
Figure 4.6: Vortices evolution at α = 5◦. Gap configuration.
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The clockwise vortex, 1), has a strong influence also on the boundary layer
cross flow, especially at low angles of attack. Basically, the cross flow, as
shown in [1], directs near-wall fluid from the fuselage to the Coanda flap, over
the suction side of the wing. This cross flow, enhanced by both the suction
over the wing and the strong clockwise vortex, reaches the Coanda flap. This
leads to a thickening of the boundary layer over it and to a reduction of the
efficiency of the Coanda flap.
This cross flow can be observed in Figure 4.3a, by focusing on those surface
streamlines that flow the fuselage from the cockpit to the Coanda flap.
A quantity evaluation of the cross flow is instead given in Figure 4.7, which
shows the velocity profile in the boundary layer, at η = 0.2, at a distance
before the slot of 0.025 times the local chord length. However, the rapid
increase of Vy observed after α = 7◦ is not related to the fuselage cross flow,
but to the separation region which pushes the near-wall flow toward the wing
tip, as shown in Figure 4.3c and Figure 4.3d.
After 13◦, on the other hand, a progressive reduction of the Vy velocity can
be observed, which might be explained by comparing Figure 4.4c and Figure
4.4d. With the increase of the angle of attack, the separated region starts to
have less influence on the near-wall fluid flow.
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Figure 4.7: Boundary layer velocity profile at η = 0.2, over the slot. Gap config-
uration.
4.3.2 Configuration with extended droop nose
This configuration, as shown in Figure 4.2 results more efficient than the old
one (red solid line), but only for angles of attack lower than α = 10◦.
This is due to the higher percentage of the leading edge in the droop-nose
position, which now interests also that portion near the fuselage previously
in the clean configuration.
For angles higher than α = 10◦, this configuration is characterized by a re-
duction of the maximum lift coefficient and the relative stall angle of attack.
The causes of the performance reduction have to be found in the strong vor-
tex generated by the flow that turns around the contour of the fuselage near
the leading edge. Indeed, this vortex gradually enhances the boundary layer
cross flow already at low angles of attack, whereas in the old configuration
it suddenly occurs only at α = 17◦.
In Figure 4.8 it is possible to have an idea of the magnitude of this vortex
through a section plane at x/l = 0.45 at α = 13◦ and 16◦. The same section
plane at α = 16◦ for the old configuration is also reported.
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Focusing on Figure 4.8a, two main vortices interest the suction side of the
wing root region: 1) is the upper half of the horseshoe vortex, and 2) is the
clockwise vortex due to the fuselage shape.
(a) α = 13◦(Cl,max). Extended droop-nose
configuration.
(b) α = 16◦. Extended droop-nose configu-
ration.
(c) α = 16◦. Old configuration.
Figure 4.8: Flow field at x/l = 0.45. Extended droop-nose and old configurations.
Due to the high magnitude of the vortex 2), at 16◦ (see Figure 4.8b) there
are no more traces of the vortex 1). By comparing the two different config-
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urations at the same angle of attack, Figure 4.8b and Figure 4.8c, can be
observed the different behavior that characterizes these two configurations.
The upper half of the horseshoe vortex is only visible in Figure 4.8c, which
allows to prevent the cross flow until 16◦.
An idea of the difference in the cross flow intensity between the old and the
new configuration is given in Figure 4.9, which shows a comparison in terms
of velocity profile of the boundary layer evaluated at η = 0.2, at a distance
before the slot of 0.025 times the local chord length. Even if the maximum
value of Vy in the new configuration is lower than the one in the old configu-
ration, the intensity of the cross flow gradually grows with the angle of attack.
(a) Extended droop-nose configuration. (b) Old configuration.
Figure 4.9: Boundary layer velocity profile at η = 0.2. Extended droop-nose and
old configuration.
This gradual growth reduces the stall performance of the aircraft since it
gradually reduces the efficiency of the Coanda flap. Indeed, for the rea-
sons already discussed in the previous section, the cross flow leads to a
thickening of the boundary layer over the Coanda flap, whose consequences
58
Chapter 4: Numerical Results
are illustrated in Figure 4.10. This figure shows the flow field at η = 0.2,
α = 13◦(Cl,max), 14◦, 16◦ and 17◦.
(a) α = 13◦ (Cl,max). (b) α = 14◦.
(c) α = 16◦. (d) α = 17◦.
Figure 4.10: Pressure field at η = 0.2. Extended droop-nose configuration.
At α = 13◦ the streamlines over the Coanda flap start to expand, indicating
an impending separation between the Coanda jet and the outer flow. This
expansion gradually grows with α until α = 16◦, when the Coanda jet is
completely separated from the outer flow and remains attached to the flap
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surface. As a consequence, a recirculation area occurs downstream of the flap,
and the outer flow turning is reduced. Moreover, this gradual decambering
of the outer flow produces a reduction of the suction peak over the Coanda
flap. As shown in Figure 4.11a, the rear suction peak is reduced with the
angle of attack, and therefore with the cross flow intensity.
(a) η = 0.2. (b) η = 0.35.
(c) η = 0.6. (d) η = 0.78.
Figure 4.11: Pressure distribution. Extended droop-nose configuration.
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A reduction of the rear suction peak with α can be also observed moving far
from the cross flow region, towards the wing tip (Figure 4.11b, Figure 4.11c
and Figure 4.11d). However, this reduction with α is due to the increase of
the leading edge suction peak, and then to its related viscous losses.
In turns, the reduction of the rear suction peak leads to an unload of the
flap and to a reduction of the negative pitching moment, as shown in Figure
4.12.
Figure 4.12: Moment coefficient variation. Extended droop-nose configuration.
4.4 3D vortex visualization
In the following figures, the 3D visualizations of the main structures of the
vortices are shown, which interest the wing-root region of the two tested
configurations. By comparing Figure 4.13b with Figure 4.14b and focusing
on the vortex generated by the flow that turns around the high curvature
contour of the fuselage near the leading edge, it is possible to observe that the
presence of the droop nose until the fuselage helps the flow to turn the contour
of the fuselage. This might explain why the vortex in the gap configuration
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is much more intense than the one in the other configuration, considering
that it refers to a lower angle of attack (Figure 4.13a and Figure 4.14a ).
(a) Front view.
(b) Side view.
Figure 4.13: Vortex topology α = 13◦. Extended droop-nose configuration.
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In Figure 4.14 it is also possible to evaluate the size and the evolution of the
small vortex generated by the gap and therefore, its interaction with the one
generated by the contour of the fuselage.
(a) Front view.
(b) Side view.
Figure 4.14: Vortex topology α = 5◦. Gap configuration.
It is important to notice that the shown vortex structures could be affected
by errors, being the almost steady Spalart-Allmaras turbulence model not
recommended for simulating unsteady phenomena and vortices.
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Conclusions and Further
Developments
Two new configurations of the SFB 880 aircraft, obtained from the geometry
model used in [1] by modifying the leading-edge connection with the fuselage,
have been analyzed and discussed. The first configuration is characterized
by a gap between the droop nose and the fuselage. The second one, instead,
consists of an extension of the droop nose until the surface of the fuselage.
The purpose was to investigate the influence of the leading-edge connection
with the fuselage on the cross flow and consequently on the aircraft stall
performance.
The two tested configurations have shown completely different aerodynamic
behaviors. The configuration with the gap has shown a low stall perfor-
mance, due to the flow separation which interests the whole suction side of
the wing root region for α higher than 7◦. This flow separation is caused by
the high local angle of attack of the flow and the shape of the leading edge
in the gap region. A stall angle of α = 7◦ and a maximum lift coefficient
of 3.448 (13% less than the old configuration) characterize this configuration.
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The configuration with the droop nose extended until the fuselage has shown
a better stall behavior compared to the previous one but not as performant
as the old configuration in [1]. Indeed, the stall angle of attack is α = 13◦
with a lift coefficient of Cl = 3.794, whereas for the configuration in [1] they
where 16◦ and 3.95 respectively. The causes of the reduced performance have
to be find in the cross flow which gradually affects the suction side of the
wing root already at low angles of attack, whereas in the old configuration it
only occurs at α = 17◦. However, this configuration presents two improve-
ments with respect to the old one. The first improvement is a better lift
performance for angles up to α = 10◦. This is due to the higher percentage
of the leading edge in the droop-nose position, which now interest also that
portion near the fuselage previously in the clean position. The second im-
provement concerns the aircraft behavior after the stall. Contrarily to the
old configuration, this one is characterized by a gradual reduction of the lift
capability, which ensures a smoother stall behavior.
From the results analysis in Chapter 3, it turned out that the contour of
the fuselage near the leading edge strongly influences the aircraft stall be-
havior. Due to its curvature higher than the one of the old configuration, a
strong clockwise vortex is generated by the flow that turns around the fuse-
lage contour. This vortex affects the entire suction side of the wing root. In
particular it enhances the cross flow already at low angles of attack in both
configurations.
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On the bases of the results obtained in this thesis, some further investigations
are suggested. An optimization study of the contour of the fuselage in the
region near the leading edge would be useful to improve the stall behavior in
the configuration with the extended droop nose and also in the old configu-
ration. The results obtained for the configuration with the gap, instead, do
not justify further investigations on it.
In the old configuration, the already low magnitude of the clockwise vortex is
expected to be further reduced by modifying of the curvature of the fuselage,
whereas the influence of the horseshoe vortex in the suction side of the wing
root region would increase. Thus, the cross flow is expected to be delayed.
An optimization study on the configuration with the extended droop nose is
also expected to reduce the high magnitude of the clockwise vortex and thus
reduce the effect of the cross flow. Moreover, through this configuration it is
possible to exploit the better lift performance at low angles of attack asso-
ciated to the higher percentage of the leading edge in the droop-nose position.
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TAU Parameters
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
PREPROCESSING
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
partitioning – – – – – – – – – – – – – – – – – : -
Type of partitioning (name) : private
Number of primary grid domains : 2400
Files/IO – – – – – – – – – – – – – – – – – – – : -
Boundary mapping filename : (thisfile)
Primary grid filename : ../GRID/subgrids_
2400/grid_droop_gap
Grid prefix : ../GRID/dual_2400/
dual_grid_droop_gap
Output format : tecplot
Parameter – – – – – – – – – – – – – – – – – – : -
Number of multigrid levels : 3
Output level : 5
Chimera interpolation linear/nonlinear (0/1) : 0
Appendix A: TAU Parameters
Runtime optimisation – – – – – – – – – – – – : -
Bandwidth optimisation (0/1) : 1
Number of domains : 2400
Compute lusgs mapping (0/1) : 1
Project wall distance (0/1) : 1
Extras – – – – – – – – – – – – – – – – – – – – : -
Compute exact surface(0/1) : 1
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
SOLVER
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
Files/IO – – – – – – – – – – – – – – – – – – – : -
Restart-data prefix : (none)
Output files prefix : ./SOLU/sol_gap_p1d5
_4th32_noTSS_CFL
0.22-0.11_3wpp_10.0
Automatic parameter update (0/1) : 1
Timestepping Start/Stop – – – – – – – – – – : -
Maximal time step number : 100000
Minimum residual : 1e-15
Monitoring – – – – – – – – – – – – – – – – – : -
Monitor history (0/1) : 1
Monitoring values : Residual_dvx/dt_
dvy/dt_dvz/dt_C-lift
_C-drag_C-my_
Max-res_drk/dt_
drk2/dt_Max-y+_
Max-eddyv_X-max-res_
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Y-max-res_Z-max-res
Memory management – – – – – – – – – – – – : -
Increase memory (0/1) : 1
Transport coefficients – – – – – – – – – – – – : -
Geometry – – – – – – – – – – – – – – – – – – : -
Grid scale : 1.
Reference relation area : 47.5
Reference length (pitching momentum) : 3.428
Reference length (rolling/yawing momentum) : 3.428
Origin coordinate x : 13.131
Origin coordinate y : 0.
Origin coordinate z : 1.563
References – – – – – – – – – – – – – – – – – –: -
Reference density : 1.225
Reference temperature : 288.16
Reynolds length : 3.428
Reference Mach number : 0.15
Flux – – – – – – – – – – – – – – – – – – – – – : -
Inviscid flux discretization type : Central
Order of upwind flux (1-2) : 2
Upwind flux : Roe
SRR limiter active (0/1) : 1
Central convective turbulence flux : Roe2nd
Central dissipation scheme : Scalar_dissipation
2nd order dissipation coefficient : 0.5
Inverse 4th order dissipation coefficient : 32
Relaxation – – – – – – – – – – – – – – – – – : -
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Relaxation solver : Backward_Euler
Lusgs increased parallel communication (0/1) : 1
Backward Euler – – – – – – – – – – – – – – – : -
Linear solver : Lusgs
LUSGS – – – – – – – – – – – – – – – – – – : -
Sgs stages maximum: 4
Runge Kutta – – – – – – – – – – – – – – – – : -
Number of Runge-Kutta stages : 3
Runge-Kutta coefficients : 0.6666 0.6666 1.0000
Residual smoother : Point_explicit
Multigrid – – – – – – – – – – – – – – – – – – : -
MG description filename : 3w++
SG start up steps (fine grid) : 1
MG source terms (0/1) : 1
Multigrid start level : 1
Turbulence equations use multigrid (0/1) : 0
Use new multigrid (0/1) : 1
Timestepsize – – – – – – – – – – – – – – – – : -
CFL number : 0.22
CFL number (coarse grids) : 0.11
CFL number (large grad p) : 0.055
Turbulence – – – – – – – – – – – – – – – – – : -
Turbulence model version : SA
SA model version : SA-neg
Turbulent vortex correction – – – – – – – – : -
Vortical flow correction (0/1) : 1
Vortical flow correction model : sarc
73
Appendix A: TAU Parameters
Smoothing eps for vortical flow correction : 0.2
Number of smoothing steps for vortical correction : 6
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
SURFACE OUTPUT
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
Surface output description file : (thisfile)
Surface output period : 5000
Surface output values : xyz_rho_cp_v_
eddy_cf_yplus_cfxyz_
rotcorr_temp
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
EXTRA FIELD POINTDATA OUTPUT
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
Field output description file : (thisfile)
Output period : 5000
Field output values : cp_mach_Rrho_yplus
_vort_Rv_rotcorr_
turbsrc_temp_Nk
– – – – – – – – – – – – – – – – – – – – – – – – – – – –
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